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Charmed mesic nuclei: BoundD and D̄ states with 208Pb
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We show that theD2 meson will form narrow bound states with208Pb. Mean-field potentials for theD0,

D̄0, andD2 in 208Pb are calculated self-consistently using the quark-meson coupling model in the local density
approximation. The meson-208Pb bound-state energies are then calculated by solving the Klein-Gordon equa-

tion with these potentials. The experimental confirmation and comparison with theD̄0 and D0 will provide
distinctive information on the nature of the interaction between the charmed meson and matter.
@S0556-2813~99!02205-0#

PACS number~s!: 21.30.Fe, 24.10.Jv, 14.40.Lb, 11.30.Rd
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In relativistic models of nuclear structure like quantu
hadrodynamics~QHD! @1# or quark-meson coupling~QMC!
model @2–10#, the isoscalar-scalar mesons is responsible
for a large reduction in the mass of the nucleon (mN→mN* ).
Although there is no firm evidence of as meson with mass
in the range 500 – 600 MeV~cf. the Particle Data Group
discussion of thef 0(40021200) ands @11#!, there is con-
siderable empirical justification for using thes as a phenom-
enological representation of correlated two-pion excha
between nucleons@12#. In QMC the justification for coupling
thes to the confined light quarks~hereafter referred to asq)
is that dynamical chiral symmetry breaking requires that
confined quarks couple to pions. Quarks in different hadr
can interact by exchanging two pions and this is represe
phenomenologically bys exchange. Using this model it i
possible to investigate the reduction of the masses not
of baryons, but also of mesons containing light quarks@5–7#.
~See Refs.@13–19# for other approaches not all of whic
result in a mass reduction for the mesons.!

The result for thev meson within relativistic mean-field
models is especially interesting. Because it consists of alm
pure q-q̄ pairs ~ideal mixing!, in an isoscalar nucleus theq
and q̄ ‘‘feel’’ equal and opposite vector potentials. Th
means that the effect of the means field is unmasked which
leads to expectations of quite deeply boundv-nucleus states
@7,14,20,21,23#. These states are currently the subject of
tense experimental investigation, with the most promis
involving recoilless production in the (d,3He) reaction at
GSI @20,21#.

In this paper we consider a possibility that is in som
ways even more exciting, in that it promises more spec
information on the relativistic mean fields in nuclei and t
nature of dynamical chiral symmetry breaking. We focus
systems containing an anticharm quark and a light qu
( c̄q), which have no strong decay channels if bound. If
assume that dynamical chiral symmetry breaking is the s
for the light quark in the charmed meson as in purely lig
quark systems, we expect the sames-q coupling constant.
~On the one hand, this assumption seems quite reason
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given the success in reproducing the pion coupling const
for various charmed baryons using a model based on a c
mon light quark pion coupling@22#, while on the other hand
the present predictions could also be viewed as an inde
dent test of this picture.! In the absence of any strong inte
action, theD2 will form atomic states, bound by the Cou
lomb potential. We use the QMC model to estimate t
effect of the strong interaction. The resulting binding fo
say, the 1s level in 208Pb is between 10 and 30 MeV an
should provide a very clear experimental signature.

Systems of the formq̄c are also extremely interestin
because the coupling of the mean vector field to the li
antiquark will be attractive. Indeed, we expect aD meson
(cq̄) to experience an attraction in excess of 100 MeV in
average size atomic nucleus. Unfortunately, theD meson in
matter will also couple strongly to open channels such
DN→Bc(p8s), with Bc a charmed baryon. Our prese
knowledge does not permit an accurate calculation of
corresponding widths, which may be 10–100 MeV. At t
lower end of this range, such states should be able to be
as very deeply bound mesic-nuclei, while at the upper e
they may not be detectable. We regard the widths as an
perimental issue at present and show theD̄0

208Pb bound-state
energies without the effect of absorption.

A detailed description of the Lagrangian density and
mean-field equations of motion needed to describe a fi
nucleus is given in Refs.@3,4#. At positionrW in a nucleus~the
coordinate origin is taken at the center of the nucleus!, the
Dirac equations for the quarks and antiquarks in theD andD̄
meson bags are given by@6,7#:

F ig•]x2@mq2Vs
q~rW !#7g0S Vv

q ~rW !1
1

2
Vr

q~rW ! D G S cu~x!

c ū~x!D
50, ~1!

F ig•]x2@mq2Vs
q~rW !#7g0S Vv

q ~rW !2
1

2
Vr

q~rW ! D G S cd~x!

c d̄~x!D
50, ~2!
2824 ©1999 The American Physical Society



e
,

PRC 59 2825CHARMED MESIC NUCLEI: BOUNDD AND D̄ STATES . . .
TABLE I. The physical masses fitted in free space, the bag parametersz, and the bag radii in free spac
R. The quantities with an asterisk* are those quantities calculated at normal nuclear matter densityr0

50.15 fm23. They are obtained with the bag constant,B5(170.0 MeV)4, current quark masses,mu5md

55 MeV andmc51300 MeV.~Note that the free space widths forD and D̄ mesons are negligible@11#.!

Mass~MeV! z R (fm) m* (MeV) R* (fm)

N 939.0~input! 3.295 0.800~input! 754.5 0.786

D,D̄ 1866.9~input! 1.389 0.731 1804.9 0.730
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@ ig•]x2mc#cc~x! @or c c̄~x!#50. ~3!

The mean-field potentials for a bag centered at positionrW in
the nucleus are defined byVs

q(rW)5gs
qs(rW),Vv

q (rW)5gv
q v(rW)

andVr
q(rW)5gr

qb(rW), with gs
q , gv

q , andgr
q the corresponding

quark and meson-field coupling constants.~Note that we
have neglected a possible, very slight variation of the sc
and vector mean fields inside the meson bag due to its fi
size @3#.! The mean meson fields are calculated se
consistently by solving Eqs.~23!–~30! of Ref. @4#, namely,
by solving a set of coupled nonlinear differential equatio
for static, spherically symmetric nuclei, resulting from t
variation of the effective Lagrangian density involving th
quark degrees of freedom and the scalar, vector, and C
lomb fields in the mean-field approximation.

The normalized, static solution for the ground-sta
quarks or antiquarks in the meson bags may be written

c f~x!5Nfe
2 i e f t/Rj* c f~xW !, ~ j 5D,D̄ !, ~4!

where f 5u,ū,d,d̄,c,c̄ refers to quark flavors, andNf and
c f(xW ) are the normalization factor and corresponding s
and spatial part of the wave function. The bag radius in m
dium Rj* , which depends on the hadron species to which
quarks and antiquarks belong, will be determined through
stability condition for the~in-medium! mass of the meson
against the variation of the bag radius@3,4,6,7# @see also Eq.
~9!#. The eigenenergiese f in Eq. ~4! in units of 1/Rj* are
given by

S eu~rW !

e ū~rW !
D 5Vq* ~rW !6Rj* S Vv

q ~rW !1
1

2
Vr

q~rW ! D , ~5!

S ed~rW !

e d̄~rW !
D 5Vq* ~rW !6Rj* S Vv

q ~rW !2
1

2
Vr

q~rW ! D , ~6!

ec~rW !5e c̄~rW !5Vc~rW !, ~7!

whereVq* (rW)5Axq
21(Rj* mq* )2, with mq* 5mq2gs

qs(rW) and

Vc(rW)5Axc
21(Rj* mc)

2. The bag eigenfrequencies,xq and
xc , are determined by the usual, linear boundary condit
@3,4#. @Note that the lowest eigenenergy value for the Dir
equation ~Hamiltonian! for the quark, which is positive
should be identified with a constituent quark mass.#

The D and D̄ meson masses in the nucleus at positionrW,
are calculated by
ar
ite
-

s

u-

n
-
e
e

n
c

mj* ~rW !5
Vq* ~rW !1Vc~rW !2zj

Rj*
1

4

3
pRj*

3B, ~8!

]mj* ~rW !

]Rj
U

Rj 5R
j*
50, ~ j 5D,D̄ !. ~9!

In Eq. ~8!, the zj parametrize the sum of the center-of-ma
and gluon fluctuation effects, and are assumed to be inde
dent of density. The parameters are determined in free sp
to reproduce their physical masses.

In this study we chose the valuesmq[mu5md55 MeV
and mc51300 MeV for the current quark masses, andRN
50.8 fm for the bag radius of the nucleon in free spa
Other input parameters and some of the quantities calcul
are listed in Table I. The parameters at the hadronic le
associated with the core nucleus can be found in Refs.@3,4#.
We stress that while the model has a number of parame
only three of them,gs

q , gv
q , and gr

q , are adjusted to fit
nuclear data—namely the saturation energy and densit
symmetric nuclear matter and the bulk symmetry ener
None of the results for nuclear properties depend strongly
the choice of the other parameters—for example, the r
tively weak dependence of the final results for the proper
of finite nuclei, on the chosen values of the current qu
mass and bag radius, is shown explicitly in Refs.@3,4#. Ex-
actly the same coupling constants,gs

q , gv
q , andgr

q , are used
for the light quarks in the mesons as in the nucleon. Ho
ever, in studies of the kaon system, we found that it w
phenomenologically necessary to increase the strength o

FIG. 1. Shift of the mass of the nucleon and theD or D̄ meson.
~Normal nuclear matter density,r0, is 0.15 fm23.!
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vector coupling to the nonstrange quarks in theK1 ~by a
factor of 1.42) in order to reproduce the empirically extracte
K1-nucleus interaction@6#. It is not yet clear whether this is
a specific property of theK1, which is a pseudo-Goldston
boson, or a general feature of the interaction of a light qua
perhaps associated with the Pauli exclusion principle. In
case, we show results for theD̄ binding energies with both
choices for this potential, in order to test the theoretical
certainty. Thev mean-field potential with the larger cou
pling will be labeledṼv

q (51.42Vv
q ).

Through Eqs.~1!–~9! we self-consistently calculate effec
tive masses,mj* (rW) ( j 5D,D̄), and mean-field potentials

Vs,v,r
q (rW), at positionrW in the nucleus. The scalar and vect

potentials felt by the hadron, which will depend only on t
distance from the center of the nucleus,r 5urWu, are given by

Vs
j ~r !5mj* ~r !2mj , ~10!

Vv
D2

~r !5Vv
q ~r !2

1

2
Vr

q~r !2A~r !, ~11!

Vv
D̄0

~r !5Vv
q ~r !1

1

2
Vr

q~r !, ~12!

Vv
D0

~r !52S Vv
q ~r !1

1

2
Vr

q~r ! D , ~13!

FIG. 2. Sum of the scalar, vector and Coulomb potentials for

D2 meson in 208Pb for two cases,@mD2* (r )2mD2#1Ṽv
q (r )

1
1
2 Vr

q(r )2A(r ) ~the dashed line! and @mD2* (r )2mD2#1Vv
q (r )

1
1
2 Vr

q(r )2A(r ) ~the dotted line!, whereṼv
q (r )51.42Vv

q (r ).
k,
y

-

whereA(r ) is the Coulomb interaction between the mes
and the nucleus. Note that ther meson mean-field potentia
Vr

q(r ) is negative in a nucleus with a neutron excess, such
e.g., 208Pb. For the largerv meson coupling, suggested b
K1A scattering,Vv

q (r ) is replaced byṼv
q (r ).

Before showing the calculated potentials for theD2 in
208Pb which is particularly interesting in view of the stron
Coulomb field, we first show in Fig. 1 the mass shift of t
D(D̄) meson, calculated in symmetric nuclear matter~no
contributions from ther and Coulomb fields!. As is ex-
pected, the relation (mD,D̄2mD,D̄

* ). 1
3 (mN2mN* ) is well re-

alized @5#.
Next, in Fig. 2 we show the sum of the potentials for t

D2 in 208Pb for the two choices ofVs
D2

(r )1Vv
D2

(r ) @the

dashed line corresponds toṼv
q (r ) and the dotted line to

Vv
q (r )#. Because theD2 meson is heavy and may be d

scribed well in the~nonrelativistic! Schrödinger equation,
one expects the existence of theD2

208Pb bound states just from
inspection of the naive sum of the potentials, in a way wh
does not distinguish the Lorentz vector or scalar charact

Now we are in a position to calculate the bound-st
energies for theD and D̄ in nuclei, using the potentials cal
culated in QMC. There are several variants of the dynam
equation for a bound meson-nucleus system. Consistent
the mean-field picture of QMC, we actually solve the Klei
Gordon equation:

$¹21@Ej2Vv
j ~r !#22mj*

2~r !%f j~rW !50, ~14!

whereEj is the total energy of the meson~the binding energy
is Ej2mj ). To deal with the long-range Coulomb potentia
we first expand the quadratic term~the zeroth component o
Lorentz vector! as, @Ej2Vv

j (r )#25Ej
21A2(r )1Vvr

2 (r )
12A(r )Vvr(r )22Ej@A(r )1Vvr(r )#, whereVvr(r ) is the
combined potential due tov and r mesons @Vvr(r )
5Vv

q (r )2 1
2 Vr

q(r ) for D2#. Then Eq.~14! can be rewritten
as an effective Schro¨dinger-like equation,

F2
¹2

2mj
1Vj~Ej ,r !GF j~r !5

Ej
22mj

2

2mj
F j~r !, ~15!

where F j (r )52mjf j (r ) and Vj (Ej ,r ) is an effective
energy-dependent potential which can be split into th
pieces~Coulomb, vector, and scalar parts!,

e

TABLE II. Calculated D2, D̄0 and D0 meson bound-state energies~in MeV! in 208Pb for different
potentials. The widths for the mesons are all set to zero, both in free space and inside208Pb. Note that theD0

bound-states energies calculated withṼv
q will be much larger than those calculated withVv

q ~in absolute
value!.

State D2(Ṽv
q ) D2(Vv

q ) D2(Vv
q , no Coulomb! D̄0(Ṽv

q ) D̄0(Vv
q ) D0(Vv

q )

1s 210.6 235.2 211.2 Unbound 225.4 296.2
1p 210.2 232.1 210.0 Unbound 223.1 293.0
2s 27.7 230.0 26.6 Unbound 219.7 288.5
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Vj~Ej ,r !5
Ej

mj
A~r !1

2EjVvr
j ~r !2@A~r !1Vvr

j ~r !#2

2mj

1
mj*

2~r !2mj
2

2mj
. ~16!

Note that only the first term in this equation is a long-ran
interaction and thus needs special treatment, the second
third terms are short-range interactions. In practice, Eq.~15!
is first converted into momentum space representation v
Fourier transformation and is then solved using the Kw
Tabakin-Lande´ technique@24#. We would like to emphasize
that no reduction has been made to derive the Schro¨dinger-
like equation, so that all relativistic corrections are includ
in our calculation. The calculated meson-nucleus bound-s
energies for208Pb, are listed in Table II.

The results show that both theD2 and D̄0 are bound in
208Pb with the usualv coupling constant. For theD2 the
Coulomb force provides roughly 24 MeV of binding for th
1s state, and is strong enough to bind the system even
the much more repulsivev coupling~viz., 1.42Vv

q ). The D̄0

with the strongerv coupling is not bound. Note that th
difference betweenD̄0 andD2 without the Coulomb force is
due to the interaction with ther meson, which is attractive
for the D̄0 but repulsive for theD2. For completeness, w
also calculated the binding energies for theD0, which is
deeply bound since thev interaction with the light anti-
quarks is attractive. However, the expected large width a

FIG. 3. The Schro¨dinger-like bound-state wave functions of th
D2 meson in208Pb, for two differentv meson coupling strengths
See also the caption of Fig. 2. The wave function is normalized
follows: *0

`dr4pr 2uF(r )u251.
s,
e
nd

a
-

d
te

th

o-

ciated with strong absorption may render it experimenta
inaccessible. It is an extremely important experimental ch
lenge to see whether it can be detected.

The eigenfunctions for the Schro¨dinger-like equation are
shown in Fig. 3, together with the baryon density distributi
in 208Pb. For the usualv coupling, the eigenstates (1s and
1p) are well within the nucleus, and behave as expecte
the origin. For the strongerv coupling, however, theD2

meson is considerably pushed out of the nucleus. In
case, the bound state~an atomic state! is formed solely due
to the Coulomb force. An experimental determination
whether this is a nuclear state or an atomic state would g
a strong constraint on thev coupling. We note, however
that because it is very difficult to produceD-mesic nuclei
with small momentum transfer, and theD-meson production
cross section is small compared with the background fr
other channels, it will be a challenging task to detect su
bound states experimentally@25#.

To summarize, we have calculated theD0
208Pb, D̄0

208Pb, and

D2
208Pb bound-state energies in QMC. The potentials for
mesons were calculated self-consistently in local-density
proximation. In spite of possible model-dependent uncerta
ties, our results suggest that theD2 meson should be boun
in 208Pb due to two quite different mechanisms, namely,
scalar and attractives mean field even without the assistan
of the Coulomb force in the case of the normal vector pot
tial (Vv

q ), and solely due to the Coulomb force in the case

the stronger vector potential (Ṽv
q ). ~We recall that the kaon is

a pseudo-Goldstone boson and expected to be difficul
treat properly with the usual bag model. Thus, the analysi
Ref. @6# on the vector potential for the light quarks inside t
kaon bag may not be applicable to the light quarks inside
D meson.!

Thus, whether or not theD̄0-208Pb bound states exis
would give new information as to whether the interactions
light quarks in a heavy meson are the same as those
nucleon. The enormous difference between the binding e
gies of theD0 (;100 MeV) and theD̄0 (;10 MeV) is a
simple consequence of the presence of a strong Lorentz
tor mean field, while the existence of any binding at
would give us important information concerning the role
the Lorentz scalars field ~and hence dynamical symmetr
breaking! in heavy quark systems. In spite of the perceiv
experimental difficulties, we feel that the search for the
bound systems should have a very high priority.

We would like to thank R.S. Hayano for useful discu
sions concerning the experimental possibilities for detect
D-mesic bound states. This work was supported by the A
tralian Research Council.
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